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Role of the Notch Ligand Delta1 in Embryonic
and Adult Mouse Epidermis
Soline Estrach1, Ralf Cordes2,5, Katsuto Hozumi3, Achim Gossler2 and Fiona M. Watt1,4
The Notch ligand Delta1 (Dll1) is expressed in human interfollicular epidermis (IFE) and regulates differentiation
and adhesion of cultured human keratinocytes. However, the consequences of deleting Dll1 in mouse
epidermis have not been examined. Here, we report that in embryonic mouse skin Dll1 is expressed by patches
of keratinocytes in the basal layer of the IFE and in the dermal papilla and hair bulb. In a Dll1 hypomorph mutant
that survives until birth, hair follicles formed normally but proliferation and thickness of the IFE were increased.
Deletion of Dll1 using Cre recombinase expressed under the control of the keratin-5 (K5) promoter resulted in a
delay in the first postnatal anagen, but subsequent hair cycles were normal. As in the hypomorph, IFE
proliferation was stimulated and expression of K10 and K17 was disturbed. Older mice developed tumors with
elements of IFE differentiation. Keratinocytes cultured from K5CreDll1flox/flox epidermis showed a transient
increase in proliferation, with a subsequent decrease in integrin expression and increased terminal
differentiation. These results demonstrate that Dll1 contributes to the control of proliferation and
differentiation in IFE, whereas Jagged1 regulates hair follicle differentiation.
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INTRODUCTION
The Notch signalling pathway regulates many cell fate
decisions and differentiation events during embryonic and
adult life. Mouse has four Notch receptors (Notch1–4) that are
activated by five ligands (Notch ligand Delta1 (Dll1), 3, 4 and
Jagged1, 2). Interaction between Notch receptors and ligands
results in proteolytic cleavage of the receptor from the cell
membrane. The cleavage event liberates the intracellular
domain of Notch and is mediated by g-secretase activity. The
Notch intracellular domain translocates to the nucleus where
it heterodimerizes with RBP-JK, thereby activating target gene
transcription (Artavanis-Tsakonas et al., 1999).
Several Notch receptors and ligands are expressed in both
developing and adult skin (Kopan and Weintraub, 1993;
Powell et al., 1998; Favier et al., 2000). The ligands Jagged1
and 2 are expressed in the hair follicle and in the suprabasal
layers of the interfollicular epidermis (IFE) during adult life,
whereas Dll1 is expressed in the dermal papilla during hair
follicle development (Powell et al., 1998). The Notch
signalling pathway is required to maintain skin appendages,
but not for their patterning or initial morphogenesis (Pan
et al., 2004; Vauclair et al., 2005). Notch1 and its ligand
Jagged1 are essential for postnatal hair follicle development
and homeostasis (Pan et al., 2004; Vauclair et al., 2005;
Blanpain et al., 2006; Estrach et al., 2006).
Dll1 is expressed by cultured human keratinocytes, and
Dll1 overexpression promotes intercellular cohesiveness and
stimulates neighboring keratinocytes to initiate terminal
differentiation (Lowell et al., 2000; Lowell and Watt, 2001;
Estrach et al., 2007). The mechanism by which Notch
activation induces terminal differentiation of keratinocytes
involves induction of p21, which causes growth arrest
(Rangarajan et al., 2001; Devgan et al., 2005), and down-
regulation of integrin and p63 expression (Rangarajan et al.,
2001; Nguyen et al., 2006).
We reported previously that Dll1 is expressed in human
fetal epidermis, expression being highest in the clusters of
cells in the basal layer of IFE that are proposed to be enriched
in stem cells (Lowell et al., 2000; Jensen and Watt, 2006). To
date, however, there has been no examination of whether
Dll1 is required for normal epidermal function in vivo.
RESULTS
Perturbed epidermal proliferation and differentiation in
Dll1-hypomorphic embryos
Potential functions of Dll1 in mouse skin have not been
examined previously because of the early embryonic lethality
of embryos homozygous for a targeted Dll1 (Dll1/)-null
mutation (Hrabe de Angelis et al., 1997). However, we were
able to examine the skin of mouse heteroallelic embryos that
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carry both the Dll1-null allele and a newly constructed
Dll1-hypomorphic allele (Dll1hyp/) (Kiernan et al., 2005;
Schuster-Gossler et al., 2007). The heteroallelic (Dll1hyp/)
pups survived until birth but were smaller than their wild-type
(WT) littermates (Figure 1a; Schuster-Gossler et al., 2007).
We examined the skin of Dll1hyp/ mutant embryos
harvested at embryonic day 18.5 (E18.5). By this stage, all
of the IFE layers had formed in WT embryos and hair follicle
formation was well underway (Figure 1b). The IFE of the
hypomorph mutant was slightly thicker, but the developing
hair follicles were present with the same frequency as in WT
littermate controls (Figure 1b–d).
As the b-galactosidase gene was knocked into the null
allele of Dll1, we were able to study the pattern of expression
of Dll1 in the developing epidermis (Figure 1e–g). We
detected b-galactosidase in the dermal papilla, consistent
with previous reports that this is a site of Dll1 expression
(Figure 1f and g) (Powell et al., 1998; Favier et al., 2000). We
also observed b-galactosidase expression in the hair follicle
bulb (Figure 1g), indicating overlapping expression of Dll1
and Jagged1 (Estrach et al., 2006). Most strikingly, there were
clusters of b-galactosidase-positive cells in the basal layer of
the IFE (Figure 1f), which were highly reminiscent of the
clusters of cells that express high levels of Dll1 in human fetal
epidermis (Lowell et al., 2000).
To evaluate whether the increase in epidermal thickness
correlated with increased proliferation, we stained E18.5 WT
and Dll1hyp/ mutant embryos with antibodies to Ki67
(Figure 2). In the hypomorph, there was a marked increase
in the number of Ki67-positive cells in the basal layer of the
IFE (Figure 2a–c) and a smaller increase in the hair follicles
(Figure 2c).
To evaluate whether epidermal differentiation was dis-
turbed in the Dll1 hypomorph, we performed immunohisto-
chemical staining of E18.5 embryos (Figure 3). Expression of
K14 was not altered in the Dll1hyp/ mutant embryos (Figure
3a and b). However, there was an increased number of
suprabasal, K10-positive layers (Figure 3b and d), consistent
with the increase in epidermal thickness (Figure 1d).
The third marker we examined, K17, showed the greatest
perturbation (Figure 3e and f). In WT embryos, K17 was, as
expected, expressed in the basal layer and in the developing
hair follicle (Figure 3e). However, in the hypomorph mutant,
K17 expression was restricted to the developing hair follicles
and immediately adjacent IFE (Figure 3f). The pattern of
expression in the hypomorph thus resembled the expression
of K17 in adults, suggesting that commitment to the IFE
lineage might be occurring earlier in skin morphogenesis
(McGowan and Coulombe, 1998).
We conclude that reduced levels of Dll1 in E18.5 skin result
in increased proliferation and altered IFE differentiation.
Phenotype of adult epidermis that lacks Dll1
The role of Notch in the maintenance of hair follicle lineages
in adult epidermis has been well described (Pan et al., 2004;
Vauclair et al., 2005), and recently the ligand Jagged1 has
been identified as mediating Notch signalling during hair
follicle maintenance (Estrach et al., 2006). However, two
consequences of Notch deletion, increased proliferation in
the IFE basal layer and deregulated expression of IFE terminal
differentiation markers, are not explained by Jagged1 dele-
tion, indicating the involvement of another Notch ligand. The
phenotype of the Dll1 hypomorphs suggested that Dll1 might
play a role in postnatal IFE.
To investigate whether lack of Dll1 affected adult
epidermis, we generated a conditional deletion of Dll1 by
crossing Dll1flox/flox mice (Hozumi et al., 2004) with mice
expressing the Cre recombinase under the control of the K5
promoter (Estrach et al., 2006). K5Cre Dll1flox/flox mice
survived and had no gross abnormalities. Although hair
follicle development occurred normally, K5Cre Dll1flox/flox
mice presented a delayed entry into the first postnatal
anagen, which occurred at 5 weeks in control (Dll1flox/flox)
mice (Figure 4a and e). At 8 weeks, both control and
Dll1-null hair follicles were in telogen (Figure 4b and f). The
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Figure 1. Characterization of E18.5 Dll1hyp/ hypomorph mutant embryos.
(a) Macroscopic appearance of WT and hypomorph mutant embryos.
(b, c) Histological sections of skin stained with hematoxylin and eosin.
(e–g) Histological sections of skin stained with XGal. (d) Quantification of IFE
thickness of WT and hypomorph mutant embryos. Asterisks indicate values
significantly different from WT controls (Student’s t-test: ***Po0.0001);
n¼ 6 for both WT and hypomorph embryos. Bars: 100mm (b, c, e, f) and
20mm (g).
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disruption of the hair cycle was temporary, because Dll1-null
epidermis underwent normal anagen at 12 weeks (Figure 4c
and g) and normal telogen at 19 weeks (Figure 4d and h). We
conclude that Dll1 is dispensable for the maintenance of
adult hair follicles.
We compared expression of K14, K10, and K17 in Dll1flox/flox
(control) and K5Cre Dll1flox/flox dorsal epidermis of 5- and
8-week-old mice (Figures 5 and 6a, b, d, e). No differences in
K14 expression were observed (Figure 5a and d; data not
shown). K5Cre Dll1flox/flox epidermis had a greater number of
K10-positive layers than control epidermis at 5 weeks (Figure
5b and e), but not at the later time point (Figure 6a and d).
The increase in K10 expression was most pronounced in tail
epidermis, which is characterized by alternating zones of
parakeratotic and orthokeratotic differentiation that can
readily be visualized by whole-mount labelling (Lo´pez-
Rovira et al., 2005; Figure 6h–j). Deletion of Dll1 led to a
marked decrease in the K10-negative zones (Figure 6h and j),
whereas deletion of Jagged1 had a much smaller effect
(Figure 6h and i).
One of the mechanisms by which Notch controls the
basal-to-spinous layer transition is by stimulating exit from
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Figure 2. Epidermal proliferation in E18.5 WT and Dll1hyp/ hypomorph
mutant littermate embryos. (a, b) Sections were labelled with antibodies to
Ki67 and counterstained with hematoxylin. Bar: 100mm. (c) Quantitation of
Ki67-positive cells in IFE and hair follicles. Asterisks indicate values
significantly different from WT controls (Student’s t-test: *Po0.01;
***Po0.0001). WT: n¼ 4; Dll1hyp/: n¼ 6.
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Figure 3. Immunohistochemical staining of skin from E18.5 WT and
Dll1hyp/ hypomorph mutant littermate embryos. Sections were labelled
with antibodies to (a, b) K14, (c, d) K10, and (e, f) K17. Sections were
counterstained with hematoxylin. Bar: 100 mm.
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Figure 4. Characterization of skin of K5Cre Dll1flox/flox mice. Back skin
sections of K5Cre Dll1flox/flox and Dll1flox/flox (control) littermates aged
(a, e) 5 weeks, (b, f) 8 weeks, (c, g) 12 weeks, or (d, h) 19 weeks stained with
hematoxylin and eosin. Bar: 100 mm.
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the cell cycle through increased p21 expression (Rangarajan
et al., 2001). However, we could not detect p21-positive cells
in the skin of 8-week-old WT (Figure 6c) or K5Cre Dll1flox/flox
(Figure 6f) mice. As a positive control, we stained sections of
squamous cell carcinomas induced with 7,12-dimethylbenz
[a]anthracene and 12-O-tetradecanoylphorbol-13-acetate
D
II1
flo
x/
flo
x
K5
Cr
e 
DI
I1
flo
x/
flo
x
a b c
fed
K14 K10 K17
Figure 5. Immunofluorescence staining of skin from 5-week-old Dll1flox/flox and K5Cre Dll1flox/flox mice. (a–f) Back skin sections were labelled with antibodies
to (a, d) K14, (b, e) K10, or (c, f) K17 (green) with propidium iodide nuclear counterstain (red). Insets show higher magnification views of IFE. Bar: 100mm.
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Figure 6. Immunofluorescence staining of skin from 8-week-old Dll1flox/flox, K5Cre Jag1flox/flox, and K5Cre Dll1flox/flox mice. (a, b, d, e) Back skin sections
were labelled with antibodies to (a, d) K10 or (b, e) K17 (green) with propidium iodide nuclear counterstain (red). Insets show higher magnification views of
IFE. (c, f, g) Sections of (c, f) back skin or (g) squamous cell carcinoma were stained with antibody to p21 (brown) with hematoxylin counterstain (blue).
(h–j) Tail epidermal whole mounts labelled with antibody to K10. Bar: 100mm.
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(Figure 6g) in which there are numerous p21-positive cells
(Oskarsson et al., 2006).
In control and K5Cre Dll1flox/flox epidermis, K17 expres-
sion was restricted to the hair follicles, as expected, at 5
weeks (Figure 5c and f). However, in older mice, deletion of
Dll1 resulted in the appearance of K17-positive patches of IFE
(Figure 6b and e). K17 expression in adult IFE is associated
with perturbed epidermal homeostasis, reflecting disturbed
barrier formation, wounding, and hyperproliferation (McGo-
wan and Coulombe, 1998; Kim et al., 2006). Consistent with
the link between K17 and proliferation, Dll1 deletion resulted
in a marked increase in the proliferation of basal cells in the
IFE (Figure 7a–g). This was detected as an increase in Ki67
labelling, both in conventional sections of back skin (Figure
7a–d) and in whole mounts of tail epidermis (Figure 7e and f).
There were threefold more Ki67-positive keratinocytes in
K5Cre Dll1flox/flox IFE compared to Dll1flox/flox littermates at
all time points examined (Figure 7g).
Notch-deficient epidermis spontaneously develops basal
cell carcinomas, demonstrating that Notch can function as a
tumor suppressor (Nicolas et al., 2003). Out of five K5Cre
Dll1flox/flox mice aged over 1.5 years, four developed tumors
in the back skin. Although this is a small sample size, we
never observed spontaneous tumors in Dll1flox/flox or K5Cre
control mice. We were able to examine the histology of three
of the tumors. All three had strong elements of IFE
differentiation: two were papillomas (Figure 7h) and one
was a squamous cell carcinoma (Figure 7i). In one tumor, the
hair follicles were also abnormally thickened (data not
shown).
We conclude that, in both embryonic and adult skin,
reduced Dll1 expression leads to increased proliferation and
disturbed differentiation in the IFE. In older mice, loss of Dll1
is associated with epidermal tumor formation.
In vitro properties of Dll1-null keratinocytes
To investigate whether lack of Dll1 affected the growth and
differentiation of adult mouse keratinocytes in culture,
primary keratinocytes were isolated from the back skin of
K5Cre Dll1flox/flox or Dll1flox/flox mice and plated at clonal
density on a J2-3T3 feeder layer (Figure 7j–l). The cells were
cultured for 2 weeks and then fixed and stained (Figure 7j and k)
to determine colony-forming efficiency (Figure 7l). K5Cre
Dll1flox/flox cells formed three times as many clones as
Dll1flox/flox control cells. Thus, the increased proliferation of
Dll1-null keratinocytes was not dependent on the in vivo
environment and was therefore a cell-autonomous property.
To facilitate evaluation of epidermal differentiation in
culture, we generated spontaneously immortalized cell lines
from the K5Cre Dll1flox/flox mice and Dll1flox/flox controls by
long-term culture at high density on a J2-3T3 feeder layer
(Romero et al., 1999). For the first 4–5 passages, the K5Cre
Dll1flox/flox cells grew at a faster rate than the WT controls,
consistent with the increased colony-forming efficiency.
However, following immortalization, the growth rate of WT
cells increased, whereas that of K5Cre Dll1flox/flox cells
decreased. Immortalized Dll1-null keratinocytes were larger
and more highly spread than controls. Immunofluorescent
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Figure 7. Effects of Dll1 deletion on epidermal proliferation. (a–f) Ki67
immunostaining (green) with (a–d) propidium iodide nuclear counterstain
(red) or (e, f) b1 integrin double labelling (red) of (a–d) back skin sections and
(e, f) tail epidermal whole mounts from (a, c, e) Dll1flox/flox and (b, d, f) K5Cre
Dll1flox/flox mice. Bars: 50 mm (a–d) and 100mm (e, f). (g) Quantitation of %
Ki67-positive cells in the IFE basal layer. (h, i) Hematoxylin- and eosin-stained
sections of spontaneous tumors from K5Cre Dll1flox/flox mice. Bar: 100 mm.
(j–l) Primary keratinocytes from the dorsal epidermis of adult Dll1flox/flox and
K5Cre Dll1flox/flox mice were isolated and plated at clonal density. (j, k) Dishes
stained with rhodamine. (l) % colony-forming efficiency7SEM; asterisks
indicate values significantly different from Dll1flox/flox controls (Student’s
t-test: **Po0.01).
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staining for two spinous layer markers, involucrin and
periplakin, revealed an increased proportion of terminally
differentiated cells in keratinocytes lacking Dll1 (Figure 8a–e).
In contrast, immortalized Jagged1-null keratinocytes had an
increased proportion of involucrin-positive cells, but no
increase in periplakin expression (Figure 8e). Western
blotting confirmed the increase in involucrin and periplakin
expression in Dll1-null keratinocytes (Figure 8f).
Terminal differentiation of keratinocytes is linked to
decreased expression of integrin extracellular matrix
receptors (Watt, 2002), and epidermal deletion of Notch 1
results in upregulation of integrin expression (Rangarajan
et al., 2001).
We therefore examined the level of a6 and b1 integrins on
the surface of basal keratinocytes lacking Dll1 or Jagged1
(Figure 8g). Consistent with the increased differentiation of
Dll1/ keratinocytes, the level of integrins was markedly
reduced compared to WT keratinocytes. However, in
contrast, Jagged1-null cells had slightly increased integrin
levels.
The cell culture data support the conclusion that Dll1
contributes to the regulation of proliferation and differentia-
tion of IFE.
DISCUSSION
We have shown that deletion of Dll1 in embryonic or adult
epidermis results in increased proliferation of IFE keratino-
cytes and disturbed expression of K10 and K17. In older
mice, epidermal deletion of Dll1 is linked to the development
of tumors characterized by interfollicular differentiation
(papillomas and squamous cell carcinomas). The requirement
for Dll1 for normal IFE differentiation is in good agreement
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Figure 8. Characterization of immortalized adult epidermal keratinocytes from Dll1flox/flox and K5Cre Dll1flox/flox mice. (a–d) Keratinocytes from (a, c) Dll1flox/flox
and (b, d) K5Cre Dll1flox/flox mice were stained with antibodies to (a, b) involucrin (green) or (c, d) periplakin (green) and a6 integrin (red) with 40,
6-diamidino-2-phenylindole counterstain (blue). Bar: 50 mm. (e) Quantitation of % cells (7SEM) expressing the differentiation markers indicated. At least 100
cells were counted in three independent experiments. Cells from WT, Dll1flox/flox, K5Cre Dll1flox/flox, and K5Cre Jag1flox/flox mice were compared. (f) Lysates of
Dll1flox/flox, K5Cre Dll1flox/flox, and K5Cre Jag1flox/flox keratinocytes were immunoblotted with antibodies to involucrin, periplakin, and, as a loading control,
b-tubulin. (g) Flow cytometric analysis of a6 and b1 integrin surface expression in undifferentiated Dll1flox/flox, K5Cre Dll1flox/flox, and K5Cre Jag1flox/flox
keratinocytes. Cells that had initiated terminal differentiation were gated out according to their forward and side scatter characteristics (Romero et al., 1999).
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with the evidence that Dll1 is expressed in clusters of cells in
the IFE basal layer. This is highly reminiscent of the pattern of
Dll1 expression in human IFE, even though in mouse IFE
evidence for clustering of stem cells is currently lacking
(Jensen and Watt, 2006).
Notch1 deficiency in the epidermis results in a pleiotropic
phenotype, with hair loss, IFE hyperproliferation, and
deregulated expression of multiple differentiation markers
(Rangarajan et al., 2001; Vauclair et al., 2005). The Notch
intracellular domain promotes expression of IFE spinous layer
markers (Rangarajan et al., 2001; Blanpain et al., 2006),
whereas Notch deletion results in spontaneous basal cell
carcinomas (Nicolas et al., 2003). Comparison of Jagged1-
and Dll1-null epidermal phenotypes suggests that Jagged1 is
required for hair follicle maintenance (Estrach et al., 2006),
whereas Dll1 plays a role in the regulation of IFE proliferation
and differentiation. As Dll1 and Jagged1 are coexpressed at the
base of the hair follicle and Dll1 is expressed in the dermal
papilla (Figure 1; Powell et al., 1998; Estrach et al., 2006), it is
possible that a role for Dll1 in the hair follicle would be
revealed in epidermis lacking both Dll1 and Jagged1.
In human epidermis, it has been proposed that high
expression of Dll1 by clusters of stem cells protects them from
undergoing terminal differentiation, while stimulating neigh-
boring cells to become transit amplifying cells (Lowell et al.,
2000; Estrach et al., 2007). Our observations indicate that
Dll1 expression also has cell-autonomous effects, but it is
hard to interpret the results in the context of stem and transit
amplifying cells. The increased proliferation and expression
of K10 in vivo would be consistent with cells leaving the stem
cell compartment, as would the slower in vitro growth of
Dll1-null keratinocytes following transformation. However, if
this is the case, one would have to argue that Dll1-null tumors
arise from transit amplifying cells. Given that Notch-deficient
epidermis has an increased susceptibility to developing
squamous cell carcinomas in response to chemical carcinogens
(Nicolas et al., 2003), it will be of interest to discover whether
Dll1-null epidermis responds in the same way.
In conclusion, the Notch pathway plays an important role
in regulating epidermal homeostasis. Different ligands
mediate different effects, not only in vivo (compare Estrach
et al., 2006), but also in culture, where loss of Jagged1 or Dll1
has different effects on expression of integrins and spinous
layer markers. Such differences are likely to reflect not only
the different cell populations that express the ligands, but also
the ability of the same cell population to respond differently
to Dll1 and Jagged1 (Brookner et al., 2006). Dll1 and Jagged1
are both transcriptional targets of canonical Wnt signalling
(Galceran et al., 2004; Hofmann et al., 2004; Estrach et al.,
2006), and it will be interesting to investigate the extent to
which Notch ligation by Dll1 or Jagged1 impacts Wnt and
other signalling pathways (Nicolas et al., 2003; Devgan et al.,
2005; Estrach et al., 2006).
MATERIALS AND METHODS
Mice
The Ki/lacZ Dll1 hypomorphs have been described previously
(Schuster-Gossler et al., 2007). Floxed Dll1 mice (Hozumi et al.,
2004; kind gift of J. Lewis) were crossed with mice expressing Cre
under the control of the K5 promoter (Estrach et al., 2006). All
animal experiments had CR UK ethical approval and were
performed under a UK Home Office license.
Cell culture and clonogenicity assay
Spontaneously immortalized lines of keratinocytes were generated
and cultured from adult mouse skin essentially as described
previously (Romero et al., 1999), except that skin trypsinization was
carried out at 41C and cells were disaggregated without stirring. Lines
were generated from K5Cre Dll1flox/flox and K5Cre Jag1flox/flox (Estrach
et al., 2006) mice and compared with lines generated from WT mice.
Clonal growth assays of primary keratinocytes isolated from adult
dorsal skin were performed as described previously (Romero et al.,
1999), with the following modifications. Cells were trypsinized at
41C and disaggregated without stirring, then grown on collagen-
coated dishes (BD Biocoat, Fisher Scientific, Loughborough, UK),
with confluent J2-3T3 feeders in medium that contained calcium-
free FAD. 1–5 103 keratinocytes were plated per 35mm dish. After
14 days, the cultures were fixed in 4% paraformaldehyde and
stained with 1% rhodamine B. Colonies were defined as clusters of
five or more keratinocytes.
Histology and immunohistochemistry
Whole mounts, frozen sections, and paraffin-embedded sections
were prepared and immunolabelled as described previously (Estrach
et al., 2006). Sections of squamous cell carcinomas induced with a
classical 7,12-dimethylbenz[a]anthracene/12-O-tetradecanoylphor-
bol-13-acetate protocol were generously provided by Manuela
Ferreira. Antibodies to the following proteins were used: Ki67
(Vector Labs, Peterborough, UK), K14 (MK14, Covance, Princeton,
New Jersey), K10 (MK10, Covance, Princeton, NJ), K17 (gift from P.
Coulombe), b1 integrin (MB1.2, gift of B. Chan), a6 integrin (GoH3;
Serotec, Kidlington, UK, MCA699), and p21 (Santa Cruz, sc-397G,
CA). Propidium iodide and 40,6-diamidino-2-phenylindole were used
as nuclear counterstains. Images were obtained using a Zeiss 510
confocal microscope as described previously (Estrach et al., 2006).
To visualize b-galactosidase activity in Dll1 hypomorph and
control E18.5 embryos, 10 mm unfixed frozen sections were
prepared. Sections were fixed in 0.4% glutaraldehyde in phosphate
buffer containing 2mM MgCl2 and 0.5mM EGTA, and then washed in
phosphate buffer containing 2mM MgCl2, 0.01% sodium deoxycho-
late, and 0.02% NP-40. Sections were stained with wash solution
containing 1 ngml1 XGal, 0.5mM K3Fe(CN)6, and 0.5mM
K4Fe(CN)6 for 10 hours at 371C, counterstained with nuclear Fast
Red and mounted in Permount (Fisher Scientific, Longborough, UK).
Western blotting
Cultures of immortalized keratinocytes were scraped into ice-cold
radioimmuno-precipitation assay buffer containing 10mM EDTA and
protease inhibitors (Roche, Switzerland) and lysed on ice for
20minutes. Samples were boiled in SDS-PAGE sample buffer,
subjected to gel electrophoresis, and immunoblotted essentially as
described previously (Jensen and Watt, 2006).
Flow cytometry
A total of 106 immortalized keratinocytes were labelled with either
anti-a6 or anti-b1 antibodies for 15minutes on ice, then with
www.jidonline.org 831
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secondary antibodies for 15minutes on ice and analyzed using a
Cyan flowcytometer and FlowJo FACS analysis system. Cells with
high forward and side scatter (differentiated cells) were gated out, as
described previously (Romero et al., 1999).
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